The extraction rate-controlled separation of nickel(ll) from cobalt(II) with 5-octyloxymethyl-8-quinolinol (HO8Q) and the kinetics of the extraction of nickel(II) and cobalt(ll) with HO8Q are described. The extraction rate was first-order regarding metal ions and HO8Q, and was inverse first-order regarding hydrogen ions. The extraction rates were
The development of highly selective separation systems of metal ions has been of recent interest in analytical chemistry and hydrometallurgy. Among the separation techniques the solvent extraction method has been most useful for the mutual separation of metal ions. The selectivity of the separation of metal ions by solvent extraction, in general, has been achieved by using such chemical processes as pH change and masking reactions.
There has been an increasing number of papers concerning analytical applications of kinetic methods.' Selectivity in the determination of metal ions has been improved by using kinetic methods.2 A few studies on the selective separation of metal ions by the kinetic method have occurred.3'4 There seems to be a great possibility of an improvement of the selectivity in the separation of metal ions with chelating extractant by means of kinetic methods.
The rate-determining step of the extraction of aquometal ions with chelating extractants is the formation of a 1:1 metal complex in an aqueous phases-' and/ or interface. 8 The rate of a formation of a 1:1 metal complex is largely dependent on the rate of the release of water molecules from aquo-metal ions. The rate of formation of a metal complex, except for several metal ions such as chromium(III), is inherently large.
Usually, nickel(II) and cobalt(II) can hardly separated from each other based on the extraction equilibrium. These two metal ions can be separated from each other by the kinetic method. In this work, the extraction rate-controlled sparation of nickel(II) with HOsQ from cobalt(II) was studied; the mechanism and kinetics of the extraction of nickel(II) and cobalt(II) with HOsQ are also described.
Experimentals
Reagents A 5-octyloxymethyl-8-quinolinol was synthesized and purified according to the previously described method.9 A chloroform solution of HO8Q was prepared by dissolving weighed amounts of HOsQ into chloroform just before use.
Cobalt(II) and nickel(II) stock solutions were prepared by dissolving weighed amounts of cobalt(II) nitrate hexahydrate and nickel(II) nitrate hexahydrate into redistilled water, respectively. The working solutions were prepared by diluting the stock solution with redistilled water.
Chloroform was purified by distillation and treated with a hydroxylamine aqueous solution at pH 8.0 just before use.
All other chemicals used were of reagent-grade quality.
Sodium perchlorate was used to adjust the ionic strength to 0.1 mol dm 3. Sodium dihydrogenphosphate-sodium hydroxide or acetic acid-sodium acetate buffer solutions were used to adjust the pH of the aqueous solution.
Apparatus A Hitachi 170-30 type atomic absorption spectrophotometer was used for a determination of cobalt(II) and nickel(II) in an aqueous phase. A Hitachi U-2000 type automatic recording absorption spectrophotometer was used to measure the absorption spectra of cobalt(II)-HO8Q complexes. The pH measurements were made by using an Orion Research model 701A digital ion analyzer. An automatic shaker (Yamato Co. Ltd.) was used for shaking solutions in order to study the extraction equilibrium.
Procedure for the extraction equilibrium Seven-cm3 portions of a 2.70X105 mol dm 3 cobalt-(II) solution were poured into 20-cm3 vials with glass stoppers.
To the solutions, 7 cm3 of a given concentration of HO8Q in chloroform was added. After phase separation, the cobalt(II) remaining in aqueous phase was determined.
The solutions were shaken vigorously by using an automatic shaker. The pH change was negligibly small during extraction. The distribution ratio of cobalt(II) was determined by measuring cobalt(II) in aqueous phase.
For the extraction of nickel(II), almost the same procedures were adopted.
Kinetic procedure
For kinetic runs, a similar procedure to the method described in a preceding paper was used, except that the stirrer blade and the stainless-steel shaft were coated with Teflon. ' Kinetic runs were carried out under pseudo-first order conditions, in which HO8Q is present in large excess with respect to cobalt(II). One hundredcm3 portions of an aqueous solution containing cobalt(II) and the phosphate buffer solution were placed in a three-necked flask. Then, 100 cm3 of a chloroform solution of HO8Q was carefully added using a funnel. Before mixing, both of the solutions were thermostated at 25° C. The solutions were vigorously stirred; then, equal volumes of both phases were removed in test tubes at given intervals by passsing nitrogen gas to the reaction flask. These tubes were immediately centrifuged. Aqueous-phase cobalt(II) was determined by means of atomic absorption spectrophotometry.
After stirring, the pH value of the aqueous phase was measured. Any change in the pH of the aqueous phase during an extraction reaction was ±0.02 pH unit. Extractions were carried out under constant stirring at 1 500 rpm, since the extraction rate was independent of the stirring speed in a range greater than 1500 rpm. The observed pseudo-first-order rate constant, kobsd was determined by ln ([Co2+] The kinetic procedure for nickel(II) was almost similar to that for cobalt(II).
Procedure for the kinetic separation of nickel(II) from cobalt (II)
A twenty-cm3 portion of an aqueous solution of pH 4.6 containing given concentrations of nickel(II) and cobalt(II) was taken in a 100-cm3 separatory funnel. Then, to the solution 20 cm3 of a chloroform solution of 0.05 mol dm-3 HO8Q was added. The solutions were vigorously shaken for 2 min. Two phases were separated, and the nickel(II) and cobalt(II) in an aqueous phase were determined.
Results and Discussion
Distribution constant and acid dissociation constant of HO8Q
The distribution constant, KDR, between chloroform and water and the acid-dissociation constant, pKa, of the hydroxy group of HO8Q were determined to be 1Os.' and 10.9, respectively, at 25° C and 10. 1 mol dm-3 (NaC104) according to an almost similar procedure used for Kelex 100.10 The KDR value for HO8Q is about 280-times larger than that for 8-quinolinol", but is slightly smaller than that for Kelex 100 (10s 5). HO8Q is characterized by its large hydrophobicity, as well as Kelex 100. The pKa value of aqueous phase HO8Q is slightly larger than those for Kelex 100 (10.4)10 and 8-quinolinol (9.90).12 The larger pKa value of HO8Q should be ascribed to a mesomeric effect of the octyloxymethyl group.
Extraction equilibrium of cobalt(II) with HO8Q
If cobalt(II) is extracted with HO8Q as (Co(08Q)2•x HO8Q)3, the extraction equilibrium can be represented as follows:
where subscript o refers to the organic phase. In the pH range 4.07 -5.05, cobalt(II) exists as hexaaquocobalt(II) and a monomeric form.
Assuming that cobalt(II) is extracted with HO8Q as species from monomeric to j-mer, the concentration of cobalt(II) in an organic phase can be represented by
The degree of polymerization of cobalt(II)-HO8Q can be determined from the slope of a plot of log[Co2+]o Vs. log[Co2+]W. A straight line with a slope of one was obtained ( Fig. 1) , indicating that the extracted cobalt(II)-HO8Q should be a monomeric species under the experimental conditions. Plots of log D vs. pH at a given concentration of cobalt(II) gave a straight line with a slope of 2.0 (Fig. 2) . This suggests that two hydrogen ions should participitate in the extraction of one cobalt(II). As shown in Fig. 3 , plots of (log D2pH) vs. log[HO8Q]o gave a straight line with a slope of 3.0. Hence, the value of x in Eq. (1) was found to be 1.0. From these results, the extracted Co(II)-HO8Q should be represented as Co(O8Q)2•HO8Q. The absorption maximum of Co(08Q)2•H08Q, which was extracted from an aqueous solution containing perchlorate ions, appeared at 380 nm when nitrogen gas was passed into both of an organic phase and an aqueous phase. Upon standing the Co(08Q)2•HO8Q in chloroform, the absorption maximum shifted slowly from 380 nm to 420 nm; then, the absorbance gradually increased. The spectral change is probably ascribed to the oxidation of Co(08Q)2•H08Q to a cobalt(III)-HO8Q complex.
Extraction equilibrium of nickel(II) with HO8Q
The composition of a nickel(II)-HO8Q complex, which was extracted from an aqueous perchlorate media, was investigated by a slope analysis used for a cobalt(II)-HO8Q system. Plots of log[Ni2+]a vs. log[Ni2+]W gave a straight line with a slope of 1.8 in the concentration range of nickel(II) from 7.9X106 mol dm 3 to l .OX 10-4 mol dm 3, as shown in Fig. 4 
Kinetics of the extraction of cobalt(II) with HO8Q
The rate of extraction of cobalt(II) with HO8Q into chloroform was found to be first-order in cobalt(II) and HO8Q. The linear relationship between the pseudo first-order rate constant k0bd and the HO8Q concentration is represented in Fig. 5 . If the rate-determining steps are competitive reactions of cobalt(II) with the neutral form of HO8Q and with the anionic form of HO8Q in the pH range from 4.70 to 5.61, the rate equation can be represented by Eq. (4), where kHL and kL are second-order rate constants of the two ratedetermining reactions shown by Eqs. (5) and (6) .
As mentioned above, a hexaaquocobalt(II) ion is the predominant species under the experimental conditions. The value of kL was obtained from the slopes of straight lines of the plots of k0bd Vs. l J [H+] (Fig. 6 ). The value of kHL is obtained from the intercept of the plots of kobsd Vs.
The values of kHL and kL were determined to be 4.7X104 mol-' dm3 s ' and 6.OX 1010 mol-' dm3 s-', respectively, at 25° C and 10.1 mol dm3 (NaC104).
The effect of anions as perchlorate or sulfate ions on the extraction rate of cobalt(II) with HO8Q was investigated. As shown in Fig. 7 , the value of k0bd decreases with an increment of the anion concentration. The effect of anions can not be explained based on the change in an ionic strength. Kinetics of the extraction of nickel(II) with HOsQ The extraction rate for nickel(II) with HO8Q is represented by the same rate equation as that for cobalt(II)-HO8Q. The values of kHL and kL were to be 4.2X103 mol-' dm3 s-' and 7.1X108 mol-' dm3 s-', respectively. The value of kHL for HO8Q is almost same magnitude as those for Kelex 10015 and 8-quinolinol.14 Furthermore, these values are very close to the rate constants for 1:1 nickel(II) complexes with various ligands including glycine, oxalate and 1,10-phenanthroline in an aqueous solution. 16 The rate-determining step of the extraction reaction of nickel(II) with a neutral form of HO8Q probably takes place in an aqueous phase.
The value of kL for HO8Q is 3X104-times larger than the second-order rate constant of the release of water molecules from aquo-nickel(II) ions.
The second-order rate constant for the ratedetermining step of the extraction reaction of nickel(II) with an anionic form of Kelex 100 is 100-times larger than that with an anionic form of 8-quinolinol. The large reactivity of nickel(II) toward an anionic form of Kelex 100 could be explained by considering the reaction at an interface.
From these facts and results, the reaction of an anionic form of HO8Q with nickel(II) should occure at an interface.
The rate of the extraction of nickel(II) with HO8Q in the presence of sulfate ions is fairly smaller than that in the presence of perchlorate ions, as well as the extraction of cobalt(II) with HO8Q.
Separation of nickel(II) from cobalt(II)
The separation efficiency of nickel(II) and cobalt(II) is fairly affected by such variables as the pH, the shaking time, the concentration of HO8Q and the molar ratio of nickel(II) to cobalt(II). As shown in Fig. 8 , nickel(II) could not be extracted by shaking the mixture of 3.00X l05 mol dm-3 cobalt(II) and 3.00X105 mol dm 3 nickel(II) with 0.05 mol dm 3 HO8Q for 2 min at pH 4.6. On the other hand, more than 95% of cobalt(II) was extracted under the above-mentioned conditions. The optimal conditions were determined to be as follows: The concentration of HO8Q, the shaking time and pH were to be 0.05 mol dm-3, 2 min and 4.6, respectively. The effect of the molar ratio of nickel(II) to cobalt(II) on the separation efficiency of 3.OOX 10-5 mol dm-3 nickel(II) was also investigated. When the amount of cobalt(II) is almost equal to that of nickel(II), nickel(II) was separated at a separation efficiency greater than 95%. Approximately 8% of nickel(II) was extracted for a molar ratio of cobalt(II) to nickel(II) of 10:1, and more than 95% of cobalt(II) was extracted.
When nickel(II) exists at ten-times excess to 3.00X105 mol dm 3 cobalt(II), ca. 20% of nickel(II) and ca. 95% of cobalt(II) were extracted together. The accuracy of the separation of nickel(II) from cobalt(II) was to be within f4% when the amount of nickel(II) was almost equal to that of cobalt(II).
Tedious procedures such as the back-extraction, are required in order to separate nickel(II) with 1-nitroso-2-naphthol from cobalt(II). 17 Most recently, nickel(II) was kinetically separated from cobalt(II) with 3-mercapto-l,5-diphenylformazan and 1,10-phenanthroline.18 A 1,10-phenantroline acts as a masking reagent toward nickel(II).
The present study showed that nickel(II) can be separated from cobalt(II) with HO8Q without use of any masking reagents or back-extraction procedure. The present method may be applicable to a practical use for the mutual separation of nickel(II) and cobalt(II).
